The dark conductivity (dc and ac) and dielectric properties of chromotrope 2R (CHR) in pellet as well as in thin film forms have been investigated as function of frequency (100 Hz to 5 MHz) within the temperature range (293-423 K). The ac conductivity of CHR pellet in sandwich structure employing two symmetrical gold ohmic contacts shows both temperature and frequency dependence with relatively stronger dependence in the higher temperature and lower frequency ranges respectively. It is found that r ac (x) obey Jonscher's universal power law, r ac (x) = Ax s with s < 1 and the results has been analyzed with reference to various theoretical models. The correlated barrier hopping model (CBH) with single polaron process is found to be the dominant conduction mechanism for charge carrier transport in CHR material within the investigated temperature range. The dc conductivity has been measured in the considered temperature range for as deposited and annealed films. The results are fitted to Arhenius equation and the activation energy has been deduced at different frequencies. The results showed also that heating the deposited CHR films may reveal films with more stable electrical properties. Moreover, both the dielectric constant e 1 and the dielectric loss e 2 are found to increase with temperature and decrease with frequency which reveal that the CHR samples exists in molecular dipole form. The behavior of e 2 as a function of both frequency and temperature is analyzed according to Giuntini et al. model.
Introduction
Azo dye is characterized by its environmental stability, ease of preparation, and its optical and electrical properties so it can be used in a lot of applications. Most of researchers concerning themselves with azo dyes focused on the molecular design, synthesis, and assembly of structures with desired properties [1] [2] [3] [4] [5] .Thin layers of new cheap and functional materials are used heavily in advanced electronic and optoelectronic devices. The electrical and optical properties of these thin layers are controlled by many physical factors as well as the chemical nature of the start-ing material. Most of organic semiconductor thin films exhibit a high potential for production of efficient, low-cost and flexible electronic and optoelectronic devices with the option for large area applications. Tailoring of their physical and chemical properties is possible by making change at molecular level [6] to obtain most of the desired properties for a specific application. In this class of materials, the p-orbitals overlap of adjacent organic molecules contributes to the electrical transport [7] . Different fields of applications are used azo dyes such as gas sensors [8] , thin film transistor [9] [10] [11] , organic light emitting diodes [12] [13] [14] [15] , and photovoltaic cells [16, 17] . Measurements of electrical conductivity have been extensively used to understand the conduction process [18] and it is also a powerful tool for obtaining information about the defect states in semiconductors [19, 20] . Dielectric relaxation studies are important in understanding the nature and the origin of dielectric losses, which in turn may be useful in the determination of structure and defects in solids [21] .
In a previous work the structural and optical properties of Chromotrope 2R thin films of different thicknesses have been studied in the UV-VIS-NIR region [accepted for publication in OPTIK, accept date 22.05.2013]. The results revealed polycrystalline structure of triclinic form for both powder and the as deposited thin film. The Miller indices, hkl, values for each diffraction line in X-ray diffraction (XRD) spectrum were calculated and assigned for the first time. The optical properties have been analyzed according to the single-oscillator model and the dispersion energy parameters as well as the free charge carrier concentration have been determined.
In this paper, the dc conductivity of the as deposited and annealed azo dye CHR thin films of different thicknesses have been studied within the temperature range 293-423 K. The ac conductivity of CHR pellets as function of frequency in the range (100 Hz to 5 MHz) has been measured within the above temperature range. The dielectric constant e 1 and dielectric loss e 2 have been evaluated in the mentioned frequency and temperature ranges. The results are discussed and analyzed with reference to different theoretical models.
Material, sample preparation and experimental procedures
The 3-diazophenyl,4,5 dihydroxynaphthaleno, 2,7 disulphonic acid, disodium salt or Chromotrope 2R (CHR) with purity 99% used in this study was procured from Fluka-Sigma Aldrich chemicals and used as received without further purification. The molecular structure is shown in Fig. 1 .
The CHR powder was pressed under pressure of 10 ton/ cm 2 into small discs of diameter 1.3 cm and thickness $1.5 mm using evacuated press. The pellets were sandwiched between two symmetric gold electrodes thermally deposited by using a high vacuum coating unit (Edwards, model E 306 A). The pressure inside the chamber was pumped down to 5 Â 10 À5 Pa before starting the evaporation process. The gold contacts with a thickness of about 50 nm were tested and showed Ohmic behavior.
Chromotrope 2R thin films were prepared using spin coating technique and deionized water as solvent, films thicknesses were ranging from 85 nm to 150 nm. The films were dried in vacuum for 24 h and then coated by two gold contacts using thermal evaporation with the same conditions mentioned above. The samples were subjected to annealing in furnace with inert gas atmosphere after measured in as deposited condition. The electrical measurements were performed in the temperature range 293-423 K utilized by using a thermocouple attached to a temperature controller which maintain constant temperature within ±1°. A programmable Keithly electrometer model 612 in series with a standard power supply was used for measuring the Dc conductivity r dc . Thickness of the film was determined by multiple-beam Fizeau fringes at reflection technique [Tolensky] .
The ac parameters, impedance Z, capacitance C, and loss tangent tan d, were measured directly using a programmable automatic LCR Bridge (model Hioki 3532 Hitester). The bridge is equipped with a three-terminal test fixture to avoid any stray capacitance and minimize the experimental error. The measurements were carried out on the parallel circuit mode in the frequency range 100 Hz to 5 MHz. The ac conductivity can be estimated from the dielectric parameters using the relation: r ac ¼ xe 1 e o tan d , Where
x is the angular frequency, e 1 is the dielectric constant and e o is the permittivity of free space (8.854 Â 10 À12 F/ m). The dielectric constant, e 1 (real part of the dielectric constant), is calculated using the relation: e 1 ¼ Cd e 0 A , where d is the thickness of the tablet and A its cross-sectional area. The imaginary part of the dielectric constant, (dielectric loss), e 2 , is calculated using the relation: e 2 ¼ e 1 tan d.
The dc electrical resistance of the CHR films was measured as a function of temperature in the range (293-423 K) using high impedance Keithley 617 programmable electrometer. The dc conductivity is calculated using the relation: r dc ¼ d RA , Where R is the measured dc electrical resistance of the films. The experimental error was estimated to be within the range ±2%.
Results and discussion

The frequency and temperature dependence of AC conductivity
Electrical conductivity is a prominent factor which reveals reliable information about the transport phenomenon in materials. Fig. 2 illustrates the variation of the ac conductivity r ac with frequency f at different temperatures for Au/CHR/Au sandwich structure. At the same temperature, the conductivity increases linearly with increasing frequency showing relatively stronger dependence at lower temperatures. Such increment in the ac conductivity is ascribed to hopping mechanism that occurs by the influence of the applied electrical field. The obtained linearity of r ac versus f behavior is also observed in other organic compounds such as MoPc [22] , CuPc [23] and H 2 Pc [24] .
Additionally, the frequency dispersion of r ac in most cases has been observed to follow Jonscher's universal power law, which is reported for a wide variety of materials, amorphous semiconductors and glasses [25] . Such behavior is given by [26] r ac ¼ Ax s where A is a constant depending on temperature, x is the angular frequency and s is the frequency exponent. In most cases s is found to be <1 and the value of s = 1 is regarded theoretically as the limiting value [27] .
Several theoretical models [14, 15] based on the relaxation caused by the hopping or tunneling of electrons or atoms between equilibrium sites have been developed to explain the frequency and temperature dependence of Ac conductivity and the frequency exponent, s. According to the quantum mechanical tunneling model, the frequency exponent, s, is almost equal to 0.8 and shows independence or slight increases with temperature. Small-polaron tunneling model predicts relatively appreciable increase in s with temperature. In the overlapping large-polaron tunneling model, the frequency exponent, s, depends on both frequency and temperature and attain a minimum value with rising temperature and then increases as temperature rises. In the classical hopping model the value of frequency exponent, s, is constant and equal to unity. The correlated barrier hopping (CBH) model describes charge carrier hops between sites over the potential barrier separating them. In this model, the value of s is predicted to increase with decreasing temperature tending towards unity as the temperature tends to zero Kelvin. From the experimentally obtained results, the variation of the frequency exponent, s, as a function of temperature for CHR thin films has been deuced and shown in Fig. 3 . It is obvious that the value of s increases with decreasing temperature and approaches 0.86 at 300 K. This result implies that correlated barrier hopping model (CBH), is the most suitable model to describe the ac electrical conduction for CHR thin films in this temperature range. Such model has been applied successfully for other different organic compounds [28] [29] [30] [31] [32] with s < 1. On the other hand, different conduction mechanism has been reported for an azo dye (1-phenyle azu-2-naphtol) with s exceeding unity [18] .
In the CBH model, applied for the present results, , the electrons in charged defect states hop over a Columbic barrier separating two defect centers whose height, W, is given by [33] :
where W m is the maximum barrier height, e is the electronic charge, e 1 is the real part of dielectric constant, R x is the distance between two hopping sites (hopping length), and n 0 is the number of electrons involved in a hop (n 0 ¼ 1 and 2 for the single polaron and bi-polaron processes, respectively). In the context of CBH model, the ac conductivity is given by the expression [20] :
where N is the concentration of pairs sites and R x is the hopping distance that is given by:
where s o is the effective relaxation time, e the electronic charge, k the Boltzmann constant, W m is the energy required to move the electron from one site to infinity and T is the absolute temperature. The frequency exponent s for this model is given by:
A first approximation of this equation, it reduces to the simple expression for the frequency exponent s as
At room temperature the value of W m (the binding energy of the carrier in its localized sites) is evaluated from the slope of (1 À s) versus temperature T and resulted as 1.19 eV, which is smaller than the optical band gap of CHR thin films (1.7 eV) obtained in our previous work. This indicates that the single polaron hopping is the dominating conduction mechanism in such films [34] . This type of conduction is also observed for Zinc-Phthalocyanine organic thin films [35] . Fig. 4 demonstrates the variation of the natural logarithm of ac conductivity (r ac (x)) with the inverse of tem- perature at different frequencies. The resulted linear dependence indicates that the ac conductivity is a thermally activated process and slightly stronger at low temperature. The data are fitted to Arrhenius equation expressed by:
where r o is the pre-exponential factors, DE is the activation energy, k B is the Boltzmann's constant and T is the absolute temperature. From the resulted straight line slope, the calculated activation energies at different frequencies are listed in Table 1 . The activation energy values decrease with increasing frequency, which is attributed to the enhancement of the electronic jumps between the localized states as the applied frequency is increased [35] .
Film thickness and temperature dependence of dc conductivity of as deposited and annealed films
To study the effect of temperature on the dark electrical conductivity of CHR films of different thicknesses, films with thickness ranging from 85 to 160 nm were investigated within the temperature range 293-423 K. Fig. 5a , depict the variation of the dc conductivity with temperature for the as deposited CHR films of different thicknesses. All films show the same behavior and the conductivity increases with film thickness. This may be attributed to film crystallization and crystal grows as the film thickness increase. Similar thickness dependence of r dc has been reported for CuPc [36] , FePc [37] and NiPc [38] samples.
From Fig. 5a , it is obvious that the dc conductivity shows a decrease with temperature reaching a minimum at ca. 350 K followed by a remarkable increase with increasing temperature. Similar behavior has been observed in pellets and thin films of organic materials namely, H2Pc [39, 24] , in CuPc thin film [40] in NiPc and ZnPc thin films [41, 42] which ascribed this behavior to oxygen exhaustion. The room temperature r dc is determined as 2.75 Â 10 À5 X À1 cm À1 . At certain temperature, it is seen that the r ac values exceed those of r dc , since the charge carriers in the dc conduction choose the easiest paths which include some large jumps, while this is not dominant in the ac conduction [43] . Above 350 K the r dc , increases again with rising temperature implying a typical semiconductor behavior and showing two regions separated by a transition temperature at ca.350 K. The activation energies of CHR as thin film before and after annealing are deduced from the slope of the two straight line segments Fig. 5b and using the well known relation (7) . Calculation revealed values of activation energies before and after annealing DE 1 = 0.61 eV, DE 2 = 0.6 eV respectively.
To investigate the effect of thermal annealing, as a representative example, film of thickness 150-nm has been Fig. 5a . The variation of (ln r dc ) with (1000/T) for different thickness. annealed at 150°C for 2 h. The obtained results are depicted in Fig. 5b indicating that no change in the order of magnitude of the conductivity values caused by annealing.
On the other hand, annealing causes smoothing of the plot structure appeared with the as deposited film. The nearly disappearance of the conductivity minimum for the annealed film may be attributed to oxygen exhaustion mentioned above which ensure that such minimum is not due to hesteretic effect or a phase transition. Therefore, heating the deposited CHR films may reveal films with more stable electrical properties.
The frequency and temperature dependence of dielectric properties
The dependence of the real part of dielectric constant, e 1 , on the temperature and frequency of CHR is depicted in Figs. 6 and 7 . It is clear that e 1 increases with increasing temperature and decrease with the increase of frequency.
The dependence of e 1 is stronger at high temperatures as well as at low frequencies. Such behavior has been also observed in other organic films [13, 35, 44] . The behavior of e 1 at different temperatures can be explained by means of the dielectric polarization mechanism of the material [45] . The observed behavior revealed that CHR exists in the form of molecular dipoles at relatively high temperature with subsequent increase of both the orientation polarization and the dielectric constant. At low temperatures, the charge carriers, which in most cases have lower thermal energy cannot orient themselves with respect to the direction of the applied field; therefore, they possess a weak contribution to the polarization and to the real part of the dielectric constant. As the temperature increases, the bound charge carriers get gradually an amount of thermal excitation energy to be able to respond to the change in the external field more easily. This in turn enhances their contribution to the polarization leading to an increase of the real part of the dielectric constant. As shown in Fig. 7 , when the electric field accompanied by the applied frequency is increased, the variation in the field becomes too rapid and the dipoles will no longer be able to follow, so their oscillation will begin to lay behind this field, which explains the observed decrease in e 1 with frequency [46] . Finally, e 1 saturates at high frequency giv- ing rise to a constant value due to the interfacial or space charge polarization only [26, 28] . It is worth noting that the relatively high values of the dielectric constant of the CHR material, obtained in the present study, may be attributed to the increase in space charge polarization process. The variation of imaginary part of dielectric constant, (dielectric loss e 2 ), with temperature and frequency is illustrated in Figs. 8 and 9 respectively. Both behaviors are similar to those obtained for the dielectric constant.
The depicted results illustrate that e 2 has stronger dispersion at higher temperatures and lower frequencies.
The taking off values differ with measuring temperature and frequency. The origins of dielectric losses is the conduction losses, dipole losses and vibrational losses. The rapid increment of e 2 at relatively high temperatures can be explained in terms of the conduction losses [47] . The conduction losses usually increase with the increment in the DC conductivity towards high temperatures as shown above. The variation of log e 2 with log f at different temperatures is presented in Fig. 10 . The relation exhibits a series of straight lines with different slopes. The behavior of e 2 as a function of both frequency and temperature can be analyzed according to Giuntini et al. model [47] . According to this model, the imaginary part of the dielectric constant is expressed as:
where e s and e 1 are the static and optical dielectric constant, respectively, s o is the characteristic relaxation time, W M is the energy required to move the electron from one site to infinity and the other symbols have the same meaning as mentioned before. From the above equation, the power, m, is negative and it decreases with increasing temperature showing a linear behavior, which is confirmed in the inset of Fig. 10 . The value of W M is estimated as 0.092 eV for CHR. This value is comparable with those obtained for organic materials [13] by applying this model.
Summary and conclusions
The ac conductivity of CHR shows both temperature and frequency dependence with relatively stronger dependence in the higher temperature and lower frequency ranges respectively. It is found that r ac (x) obey Jonscher's universal power law, r ac (x) = Ax s with s < 1. The correlated barrier hopping model (CBH) with single polaron process is found to be the dominant conduction mechanism for charge carrier transport in CHR material within the investigated temperature range. The dc conductivity has been measured in the considered temperature range and the activation energy has been deduced at different frequencies. Calculation revealed values of DE 1 = 0.61 eV, DE 2 = 0.6 eV. The behavior of e 2 as a function of both frequency and temperature is analyzed according to Giuntini et al. model . This material has some advantages that put it in research scope such as ease of preparation, inexpensive, clear strong absorption band in the visible region of electromagnetic spectrum in addition to absorption bands in the UV region and long exciton diffusion length about 120 nm [48] . Those properties make this material suitable for photovoltaic applications in different structures such as schottky junction [2] and pure organic heterojunction [49] . 
